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Abstract 
The study of the high-resolution infrared (IR) absorption spectra of 
carbon monoxide molecules embedded in matrices of para-hydrogen crystals 
was presented. The narrow line widths observed in solid parahydrogen 
promises the possibility of using this system as a matrix material for high 
resolution spectroscopy to study anisotropic mtermolecular interactions in 
the condensed phase. In this thesis, experimental studies along this line are 
reported. In the system of CO-doped solid parahydrogen crystals, sharp 
lines presumably due to rotational structure were observed. The effect of 
orthohydrogen and C O concentration were investigated. Based on these 
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Chapter 1. Introduction 
Spectroscopy of matrix-isolated molecules was first introduced by Lewis.' 
This approach involves spectroscopic studies of molecules trapped in a rigid 
and chemically inert "cage" of solid matrix materials at cryogenic temperature. 
Matrix isolation spectroscopy opens a new direction of studying reactive 
species.2 The low temperature minimizes the motions of isolated species. 
Furthermore, the inert matrix environment minimizes the reactivity of the 
isolated species, resulting in prolonged lifetime.’' The much higher density iii 
the solid state compared to the gas phase should in principle improve 
dramatically the detectability of the isolated species. From a technological point 
of view, the matrix serves as a long time integrating detector in which chemical 
species can be collected by deposition, or built up in situ, to a readily detectable 
level. Hence, matrix isolation spectroscopy has been employed in a variety of 
analytical and diagnostic applications.’’ The structural and spectroscopic 
properties of numerous previously unknown chemical species, including free 
radicals and transient intermediates, have been characterized by matrix 
isolation spectroscopy/ These studies in many cases guide the way for the 
corresponding gas phase studies, yielding new insights into chemical reaction 
mechanisms. Matrix-isolated species provide model systems for understanding 
the role of many-body interactions in various physical and chemical processes 
as well as the quantum effect in the more complex condensed phase with high 
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number density and low temperatures achieved in a matrix environment. 
O n the other hand, matrix isolation spectroscopy displays a number of 
limitations. Compared to the case in the gas phase, spectral transitions in the 
solid state suffer homogeneous and inhomogeneous broadening that wash out 
the detailed rovibrational structures.、The typical observed spectral width is on 
the order of a few cnyi. The homogeneous broadening arises from strong 
intermolecular interactions in the solid state. The inhomogeneous broadening 
arises from the various microscopic environment surrounded the isolated 
species as well as the possible amorphous structure m the solid matrix. In 
addition, matrix-isolated molecules may have limited degree of freedom for 
internal motion due to strong intermolecular interactions. It is c o m m o n that 
only vibrational transitions are observed in matrix spectroscopy without any 
rotational structure/' This makes the identification of unknown species more 
difficult in case the correspondmg gaseous data is unavailable. 
As demonstrated by numerous observations since the 1980s, solid 
parahydrogen is a unique system for matrix s p e c t r o s c o p y 尸： W h i l e considered 
the simplest molecular solid, solid H2 distinguishes itself from other traditional 
matrix materials such as Ne, Ar, Kr, Xe and N2 by a variety of properties arising 
from the combination of small molecular size, large intermolecular separation, 
and weak intermolecular interactions.'' Due to the large separation and weak 
intermolecular interactions, molecules are only slightly perturbed m solid H2 
compared to the gas state. The properties can therefore be elucidated based on 
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first principles. The narrow line width observed in systems of solid hydrogen 
allows the rovibrational structure (as well as crystal field splitting due to 
anisotropic interactions m some cases) to be resolved. As a result, quantitative 
analysis of the spectra becomes possible. By analyzing the fine structure in the 
rovibrational spectra, one can obtain a wealth of information on selection rules, 
intermolecular interactions, as well as relaxation process. 
During m y residence as an M . Phil, student, I was involved in setting up an 
experiment to study the rovibrational spectroscopy of molecules in 
parahydrogen matrix. In addition to building the apparatus, the infrared 
spectrum of C O molecules in parahydrogen was also studied. The details of this 
work are presented in this thesis. To date, however, our observations provide 
more questions than answers. While w e have not completely understood the 
observed features, a qualitative assignment has been made. More systematic 
experimental work is needed to give a quantitative analysis. 
In the rest of the thesis, we will discuss the properties of hydrogen in 
Chapter 11, followed by the experimental details m Chapter 111. The work of 
C O will be presented m Chapter I\'. This thesis concludes with Chapter V, 
where an outlook will also be given. 
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Chapter II. Properties of Hydrogen 
Hydrogen molecules H2 are composed of two protons separated by about 
o 
0.74 A surrounded by two electrons, forming one of the simplest diatomic 
molecules. Because of its simplicity, H2 and its isotopmers have been served as 
model systems for testing high-level nb initio calculations. Over the years, 
properties of hydrogen have been extensively studied and well documented 
else where J Table P lists some of the physical properties. To aid our discussion 
in the following chapters, some spectroscopic properties of hydrogen are 
reviewed here. 
A. Spectroscopic Properties of Hydrogen Molecules 
D u e to the coupling of the two spiivl/2 protons, the total nuclear spin I in 
H2 molecules is either 1 or 0, corresponding to two protons with parallel or 
anti-parallel spins. According to the Pauli principle, molecules with /=0 can only 
occupy states with rotational quantum number J = even while molecules with 
1=1 call only occupy states with rotational quantum number / = odd. According 
to the quantum theory of angular momentum, there are 21+1 allowed Mi states 
for each I value. The 1=1 species has therefore three allowed states while the 1=0 
species has only one. Thus, the 7=1 species is three times as abundant as the 1=0 
species at room temperature. Since the conversion of nuclear spin is strictly 
forbidden by the parity consideration under the adiabatic approximation 
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Table 丨 Tabulated physical properties of hydrogen 
Molecular weight 2.0157 
Normal boiling point 20.278 K 
Density at normal boiling point 0.07087 g/cm-^ 
Triple point 13.813 K 
Pressure at triple point 52.82 Torr 
Density at triple point 0.07709 g/cm^ 
Critical point 32.976 K 
Pressure at critical point 9.6976 X 10 Torr 
Density at critical point 0.03145 g/cirT’ 
Heat of vaporization 4.459 X 10' erg/g 
Heat of fusion 5.82 X 10、erg/g 
Specific heat 9.67X10 erg/g 
Thermal conductivity 11.8X 10 erg/cm s K 
Viscosity 135.4 inicropoise 
Surface tension 1.93 X 10 dyne/cm 
Dielectric constant 1.2285 
Molar volume of solid at 4.2 K 
99.8% p-H2 23.064 cmVmole 
n-H2 22.820 cmVmole 
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only extremely slow nuclear spin conversion results from the breakdown of 
adiabatic approximation. In effect, H2 molecules with different nuclear spin 
behave as different species. They are often referred as nuclear spin 
modifications. Traditionally, the more abundant nuclear spin modification is 
termed ortho, and the less abundant one para. In the case of H2, parahydrogen 
is the species with even J and /=0 and orthohydrogen is the species with odd J 
and 1=1 
D u e to the slow nuclear spin conversion/ the ortho/para ratio of 3 to 1 
remain unchanged when H : is cooled from room temperature to cryogenic 
temperature. On the other hand, the Boltzmann distribution implies that only 
the J=0 rotational state is effectively populated by the parahydrogen p-H2 (p-H2), 
while the /=1 rotational state is populated by the orthohydrogen 0-H2 (0-H2). 
The relaxation from the J=1 state to the J=0 state is negligible in the solid phase^ 
under normal pressure. In other words, 0-H2 is a metastable species with 
extremely long lifetime in the solid state. The conversion between 0-H2 and 
p-H2 can be catalyzed by a paramagnetic material, which provides a 
non-uniform magnetic field. The detailed discussion of ortho/para conversion 
will be given in Chapter III. 
Like other homonuclear diatomic molecules, H2 has no permanent or 
vibration-induced dipole moment. As a result, pure rotational and rovibrational 
transitions are forbidden by the dipole mechanism. O n the other hand, 
transitions via quadrupole mechanism and Raman scattering have been 
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observed J 3 In addition, transitions due to mtermolecular interactions have also 
been observed in high pressure gas as well as m the condensed phase， 
B. Properties of Solid Hydrogen 
Properties of solid hydrogen have been extensively studied iii m a n y 
aspects for y e a r s ? 幻 3 it has been known that H2 crystals are formed in either 
hexagonal close-packed or face-centered cubic structures, with the nearest 
0 _ 
neighbor distance of 3.79 A. As the simplest and most fundamental molecular 
solid, molecules in crystals of H2 retain their identity with properties not too 
different from those in the gas phase. Interactions in solid p-H2 are mainly 
isotropic dispersion interactions. Since the J=0 rotational wavefunction has a 
spherical shape, parahydrogen molecules at the ]=0 state have no permanent 
electric moments of any order. In other words, anisotropic interactions is absent 
in pure p-Hi crystals. O n the other hand, 0-H2 molecules occupying the J=1 
rotational quantum number have a small permanent quadrupole moment. As a 
result, the small 0-H2 concentration in para-enriched H2 crystals leads to the 
electric quadrupole-quadrupole (EQQ) interactions, the most dominant 
anisotropic interactions in the crystal. 
Properties of solid hydrogen are dominated by quantum effects, arising 
o 
from the combination of small molecular size (0.74 A), large lattice constant, 
and weak mtermolecular interactions. Solid H： is an exceptionally soft crystal. 
The density of the crystal is doubled from its zero pressure value by applying a 
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pressure of 20 Kbar, whereas such pressure change only results in a few percent 
increase in other solids.'^  Like He, solid hydrogen is considered translational 
quantum crystal that is signified by the large compressibility. In addition, solid 
H2 exhibits large amplitude of zero-point lattice vibration J" The mean 
amplitude of the zero-point lattice vibration iii solid p-H2 amounts to almost 
20% of the nearest mtermolecular distance. Molecules are therefore not sharply 
located at the equilibrium lattice sites. Because of these properties, impurity 
molecules with size much greater than that of H： can fit into the lattice sites of 
solid H2 without causing much crystal defect. Solid H2 under ultrahigh pressure 
(>200 G Pa) exhibits very rich phases that may be related to the long predicted 
metallic transition. 
Solid hydrogen displays unusually high thermal conductivity which may 
be ascribed to its large zero-point lattice v i b r a t i o n . x i ^ e thermal conductivity of 
para-enriched solid hydrogen containing 0.2% 0-H2 is 50 Wnr^K'^ at 4.2 K," 
which is comparable to that of Cu, and is almost one order of magnitude 
greater than those of rare gas crystals.' The high thermal conductivity of solid 
parahydrogen allows fast thermal exchange with the surroundmgs. This 
property is particularly important for the annealing process of matrix material. 
For instance, the fast dissipation of excess energy produced in the photolysis of 
molecules in solid H2 is crucial in stabilizing the photofragments iii the H: 
crystal. 
Molecule in solid H2 is only slightly perturbed by the solid state 
10 
environment as shown m numerous experiments J'''-' Molecules m solid H2 are 
expected to have internal motions (such as rotation and vibration) like in the 
gas phase. Based on thermodynamic considerations, Pauling predicted the 
hindered rotation of H2 in the solid.- Rovibrational spectra of solid H2 were 
observed in the 1950s. The spectral pattern of the spectra indicates that H2 
molecules have nearly free rotation and vibration. As a result, both J and v 
remain good quantum numbers. The weak anisotropic intermolecular 
interactions, on the other hand, give rise to the fine structures in the spectra. 
These interactions are also responsible for many other observed effects such as 
multipole-induced dipole and relaxation processes. 
In forming a para-enriched H2 crystal from the gas state, the spatial 
distribution of metastable 0-H2 molecules is expected to be completely random. 
O n the other hand, the E Q Q interaction between pairs of 0-H2 molecules gives 
lower energy. The thermodynamic equilibrium therefore favors the formation of 
0-H2 pairs. It has been observed that the pair configuration can be achieved by 
keeping the crystal in a prolonged time.- This phenomenon, known as 
rotational diffusion, has been ascribed to quantum mechanical resonant 
conversion of an ortho-para to para-ortho pair by intermolecular magnetic 
dipole-dipole interaction. A rate constant of about 2 hours was predicted using 
this model, which is consistent with the experimental observations. 
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C. Solid Hydrogen as a Matrix Material 
One of the most important considerations of matrix isolation spectroscopy 
is the choice of matrix material. Factors influencing the choice of dopant/host 
combination include: spectral compatibility, chemical reactivity, dopant 
isolation efficiency, and stringency of cryogenic requirements for achieving 
thermally stable low vapor pressure samples/ C o m m o n matrix materials such 
as rare gases and Ni all share the c o m m o n characteristics of being chemically 
inert, free of absorption spectra that would interfere with spectroscopic 
detection of the isolated species, rigid, and low vapor pressure. Argon and 
nitrogen are readily and cheaply available, being obtained in large quantities by 
the fractional distillation of liquid air. The other rare gases are more expensive, 
being present m the atmosphere only in very small amounts. Over the years, 
lots of spectroscopic studies of stable and unstable species using these matrix 
materials can be found in literature. 
In most spectroscopic studies using rare gases and N： matrices, rotational 
structures were not resolved due to both homogeneous and inhomogeneous 
line broadening.; The rigidity of these matrix materials also increase the chances 
of trapping dopant molecules in the interstitial holes instead of lattice sites, 
resulting in amorphous structure and inhomogeneous broadening. For instance, 
24 vibrational transition of C O in Kr and Xe matrices exhibits a typical width of 2 
cm''. As will be discussed in Chapter FV, the corresponding spectrum is 
dramatically different in p-H2 matrix from those mentioned above. 
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The absence of fine structures in vibrational bands limits our 
understanding of the detailed interactions and dynamics of molecules m 
condensed phases. In addition, the rigidity of these conventional matrices m a y 
limit the study of chemical reactions at cryogenic temperatures, as strong 
interactions from the surroundmg matrix molecules m a y significantly distort 
reaction potential surfaces from those in the gas p h a s e / I n particular the 
anisotropic interactions play important roles in reaction mechanism. 
Solid H2 has never been considered as a good matrix material until recently. 
As discussed above, the softness, low melting point, and high vapor pressure at 
cryogenic temperature of solid H2 makes it difficult to prepare a sample of 
matrix with good optical quality. Nevertheless, high resolution spectroscopic 
work of solid H2 m the later 1980s have demonstrated that optically transparent 
samples of more than 10 c m long can be prepared by depositing gas on a cold 
surface at about 7 K.〗o Together with the exceptionally narrow observed 
linewidth, solid p-Hi has presented its potential as a matrix material for high 
resolution spectroscopy. The large lattice constant and the large amplitude of 
zero-point lattice vibration in solid hydrogen provide more free space for guest 
molecules than other matrices. For instance, the mtermolecular distance in solid 
parahydrogen (3.79 A) is considerably large than the interatomic distance in 
solid N e (3.16 A), as well as other rare gas solids, while the pair potential 
between H2 molecules is similar to that between N e atoms. Moreover, the large 
lattice constant of solid p-H2 results in weak mtermolecular interactions 
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between the dopant molecules and matrix molecules compared with those in 
rare gas matrices. Together with the large Debye frequency of lattice vibration 
of solid p-H2, the lifetime of a guest molecule in excited states becomes much 
longer in p-H2 matrix. This may be qualitatively ascribed to the origin of the 
sharp spectral liiiewidth observed in solid p-H2. In some cases, the spectral 
linewidth is sharp enough to resolve not only / structure but also the M 
structure due to the orientation of the molecules in the anisotropic crystal field 
environment. The analysis of such fine structures promises rich information to 
shed light on understanding intermolecular interactions as well as molecular 
motion m the condensed phase. 
The laser studies of 0-H2, HD and D： in p-Hz crystals marked the first 
examples of ultrahigh resolution matrix spectroscopy m p-H:，These studies 
were followed by the work of where rotationally resolved lines with a 
typical width of -300 MHz were observed and quantitatively analyzed. Since 
these promising results, attempts of studying a variety of stable and unstable 
molecules in p-Hi have been carried out. To date, molecules such as CH3F, CH4 
have been repor ted . In addition, atomic species such as H (D, T), N, B, O, Xe, 
Kr, Al, Ag, Cu, Mg, Li in p-Hi have also been studied. 
While the chemical inertness of rare gas matrices is unrivaled, it has been 
shown experimentally that unstable species also have extremely long life time 
in p-H2 matrix. It has been observed that hydrogen cluster ions H(H2)n+ have 
lifetime of days. The reactions of reactive species with H2 molecules may be 
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endothermic or exhibit even a modest activation barrier. At cryogenic 
temperature, it is difficult to acquire sufficient energy to initiate the reactions. 
Studies of chemical reaction dynamics at low temperature in p-H: matrix have 
also been pursued/'-
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Chapter III. Experimental Apparatus 
A n experimental system consisting of a gas handling system, an inline 
ortho/para converter, and a sample cell housed in a liquid helium cryostat was 
designed and assembled for studying matrix isolation spectroscopy of solid 
hydrogen. A commercial Fourier transform spectrometer was used for 
recording the spectrum of the samples. The cryostat used for the experiment 
was modified from a commercial Dewar and a home-made copper sample cell 
fitted with a sapphire substrate was used. The details of these apparatus are 
discussed in this chapter. 
A. Fourier Transformer Spectrometer 
The working principle of a Fourier transform infrared spectrometer is 
based on the principle of Michelson mterferometer. Using a Michelson 
interferometer as shown in Figure i, the incoming beam of a broad band 
radiation source is splitted into two equal components after the beam splitter. 
The component reaching moving mirror will have certain optical path 
difference x from the component reaching fixed mirror depending on the 
position of moving mirror. A power spectrum fix) as function of .v can then be 
obtained by combining the two components again. This unique spectrum is 
known as the mterferogram. The frequency spectrum can then be obtained by 
performing a Fourier transformation of the mterferogram. 
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Figure i: Schematic diagram of Michelson Interferometer. Optical path difference 
is produced by moving of Moving mirror. 
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While first introduced m 1911, the development of FTIR spectrometer has 
been greatly catalyzed since 1970s"^ 3 by the advancement of computer 
technology. To date, the Fourier transformation can be completed in seconds 
using high speed computers. FTIR spectrometer has become c o m m o n bench top 
instruments replacing the conventional dispersive spectrometers to produce 
rovibrational spectra with improved resolution and sensitivity in much shorter 
time. This improvement can be realized by considering the different detection 
schemes m these two types of spectrometers. 
In a dispersive spectrometer, the power of a small frequency interval of a 
broad radiation source was selected using a small slit together with a dispersion 
device (such as a grating or a prism) and then measured by an infrared detector. 
The frequency spectrum is then obtained by putting together the power 
spectrum of all frequency intervals. This approach has a few drawbacks. First of 
all, the frequency selection greatly reduced the power reaching the detector, 
resulting m a much lower signal to noise ratio. The improvement of signal to 
noise ratio requires long data acquisition time. Secondly, the spectral resolution 
is determined by the width of the slit. A better resolution requires a narrower 
slit, resulting again a reduction of power reaching the detector. Since only a 
small spectral region was measured each time, the complete coverage of the 
radiation source will require much time to complete. The required time gets 
longer with better resolution. 
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These drawbacks are addressed m Fourier transform infrared spectroscopy. 
The resolution of an FTIR spectrum is determined by the m a x i m u m path 
difference between the two optical beams. In c o m m o n practice, the resolution 
(cr) of an FTIR spectrometer can be estimated by the inverse of the optical path 
difference x. For instance, a spectral resolution of 0.1 cm-i can be obtained by 
scanning the moving mirror for 1 cm, which can be completed in seconds. To 
date, spectrometers with a resolution of 0.001 c m ' are commercially available. 
The power of all frequencies emitted by the radiation source is measured 
by the detector simultaneously at all time. This multiplex principle results in 
better sensitivity, as first recognized by Fellgett, due to the fact that the actual 
measurement time for each frequency is the same as the measurement time of 
the whole spectrum for FTIR spectrometers whereas in dispersive 
spectrometers the actual measurement time for each frequency is much less 
than the measurement time of the whole spectrum. The gam in S/N using FTIR 
spectroscopy is V/V , where N is number of spectral segments needed to cover 
the entire spectrum in conventional spectrometers. In addition, the 
simultaneous measurement of all frequencies in FTIR spectroscopy gives rise to 
a much higher optical throughput (known as the Jacqumot Advantage) and 
thus lower noise level compared to dispersive spectrometers. The fast speed in 
FTIR spectroscopy makes it possible to apply signal averaging technique. Since 
the scanning speed of the moving mirror is determined by the response of the 
detector, with an appropriate detector, spectra with good signal to noise ratio 
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can be obtained by fast scanning and signal averaging (so-called coaddition) of 
a number of spectra in a short time. The improvement in S/N using signal 
averaging is ,where n is the number of spectra used for averaging. Since the 
resolution is not limited by the input aperture of the interferometer, the power 
level reaching the detector can be increased appreciably by choosing the 
appropriate aperture size. This again contributes to a better S/N iii the spectra. 
The fast acquisition of spectra in FTIR spectroscopy is easily realized. The 
multiplex principle allows the detection for the entire spectral region at all time, 
which significantly shortens the time of acquiring data with good S/N. As 
discussed above, the improvement in sensitivity requires much less time in 
recording a spectrum to the desired S/N. The fast scanning mechanism iii 
obtaining the mterferogram also contributes the speed accomplished by FTIR 
spectroscopy. 
In addition, FTIR spectrometer provides much better absolute frequency 
calibration. By employing a frequency-stabilized He-Ne laser as an internal 
standard to determine accurately the optical path difference x, accurate 
frequency calibration can be obtained after the Fourier transformation. This 
characteristic is known as the Connes Advantage. It is worth to note that the 
resolution of the resultant frequency spectrum has little effect on the absolute 
frequency calibration. 
In practice, there are many technical concerns m building an FTIR 
spectrometer. For instance, apodization is a mathematical procedure to 
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minimize the fringes appearing at the wings of spectral transitions due to the 
finite optical path difference in the mterferogram, the choice of the apodization 
function m a y affect the effective resolution, Imeshape, and linewidth. Other 
considerations include phase correction, numerical filtering, analog to digital 
sampling, ctc. Readers are referred to a number of excellent reviews for the 
details. 
The FTIR spectrometer used for this experiment was a Bmker Vertex 70 
model, composed of a Michelson interferometer, an electronic control system to 
couple the interferometer and the PC, which is used for performing the Fourier 
transformation. The frequency coverage of our spectrometer ranges from 400 to 
25000 cm.i with the combination of a globar and a tungsten lamps, a KBr and a 
quartz beam splitter, and a D T G S and a silicon photodiode detectors. The 
highest unapodized resolution is 0.16 cm 】. In addition to usual data acquisition 
mode, our spectrometer is also equipped for time-resolved spectroscopy with 
step scan at a data acquisition rate of 200 M H z and rapid scan to obtain 60 
spectra per second at a resolution of 16 cm'\ In our studies, the size of our 
cryostat is too great to fit into the sample compartment. W e therefore sent the 
light beam out to our sample and used an external InSb detector for the 
detection. A schematic diagram of the optical layout of our experiments is given 
in Figure ii. Most spectra reported in this thesis were recorded at 0.2 cnr' 
resolution with 2000 coadditions using a KBr beamsplitter, a globar source, and 
the liquid-N2 cooled InSb detector. N o improvement in the signal to noise ratio 
21 
一 一 一 一 一 一 一 一 一 一 一 一 一 —————————————————————— 一 一 一 一 一 
Figure ii: Schematic diagram of the optical layout of our experiments. The front 
port was used for passage of the detecting light. The light was focused to pass 
through the sample cell and collected by the external InSb detector. 
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was observed with coaddition more than 2000 times. 
B. Cryostat and Sample Cell 
The cryostat used for this experiment was a modified version of the 
commercial HDL-8 Dewar from Infrared Laboratories, as shown in Figure iii. 
The helium Dewar is composed of two cryogenic vessels. The Liquid N： vessel 
directly cooled a radiation shield that surrounds the Liquid H e vessel and the 
cold work surface. All the interior Dewar surfaces were covered with aluminum 
foil in order to provide additional shielding. Along the optical axis of the Dewar, 
two CaF： windows of 1 inch in diameter were installed and sealed by o-ring to 
allow the passage of infrared radiation. 
A home-made copper sample cell of 3 cm long was installed on the cold 
plate of the Dewar to maintain at or close to 4.2 K when Liquid H e was filled in 
the can. A bore of about 1.5 c m inner diameter was cleared for the passage of 
light and sealed with a pair of sapphire windows using indium gaskets. The gas 
inlet was made of a stainless steel tube of 0.06 inch m diameter soldered on the 
top of the cell extending to the gas handling system outside the Dewar. This cell 
was originally designed for growing large p-H： crystals. It is however, 
applicable for matrix isolation spectroscopy without modification since a thin 
film of crystal can be formed uniformly outside the cell by slowly flowing gas 
on to the sapphire surface. For this purpose, a vacuum feedthrough for a 
stainless steel nozzle modified from a syringe needle was used to deliver the 
23 
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Figure iii : The liquid helium Dewar for the preparation of solid hydrogen. The 
sample cell with sapphire window substrate is screwed on the cold plate of the 
helium can. The optical beam is irradiated along the optical axis of the Dewar for 
FTIR spectroscopy. 
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gas from the gas line to the cell. The nozzle was placed at a distance of 1-1.5 c m 
from the sapphire window. It was found from the recorded spectra that the 
optimized distance was about 1.5 cm. At this distance, the deposition appeared 
to produce a sample of uniform length with reproducible optical quality. 
T w o silicon diode temperature sensors from Lake shore Cryotronics, 
(DT670-SD) were used to monitor the temperatures of the cold plate and the 
sample cell, respectively. It was found that both sensors displayed almost 
identical temperature even during the deposition process suggesting heat 
transfer was sufficient in our system. Since there was no temperature control in 
our Dewar, w e controlled the temperature of the deposition by controlling the 
rate of gas flow during the deposition process. 
C. Gas Handling System and Ortho-para Converter 
The complete gas handling system for preparing solid hydrogen is shown 
in Figure iv. An inline ortho/para converter was used to convert normal H2 gas 
to p-H2 gas. A stainless steel vessel was used to premix the dopant molecules 
with p-H2 for the growth of matrix-isolated samples. 
The use of p-Hi is essential in reducing the intermolecular interactions and 
spectral widths of the matrix-isolated sample. The conversion from normal H2 
(with an ortho/para ratio of 3 to 1) to p-H2 cannot be achieved simply by 
lowering the temperatures without the presence of an iiiliomogeneous magnetic 
field in the range of 14 to 21 K, the self conversion rate between of o- and p-Hi 
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Figure iv: Gas line system for the experiment, para-hb coming out of the 
converter rushed into the storage chamber to mix with CO impurity molecules. 
After that, mixture gas deposited on the surface of substrate in the cryostat cell 
to form thin film for study of spectroscopy. ® denotes the vacuum valve used in 
experiments. 
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mixture via collision mechanism exhibits a rate constant of 5.3 X 10''' sec', 
requiring several weeks to obtain aii equilibrium mixture of 〜99% p-H：.'^  
Physical methods, e.g. cryogenic distillation, are inapplicable for separating 
ortho and para species because their physical properties are almost identical. 
This ortho/para conversion rate can be greatly increased by using a suitable 
catalyst that provides an external iiihomogeneous magnetic field around the 
absorbed hydrogen molecules so that fast equilibrium between the 0-H2 and 
p-H2 concentrations can be achieved by lowering the temperature of the catalyst. 
Based on this approach, ortho/para converters consisting paramagnetic ferric 
oxide (FeiO?) from C ^ C H E M as the catalyst were built for the production of 
p-H2 from normal gas. 
Two designs of ortho/para converters (Figure v) have been built. The first 
one was designed by Sibener and coworkers'^ for using liquid H2 as coolant. As 
shown m the figure, normal H2 gas diffuses through the catalysts to the bottom 
before it is released. Since the temperature of the converter is equilibrated at 
~20K with liquid H2, the effective conversion temperature is 20K to generate 
〜99.80/0 para-enriched H2. Unfortunately, the usage of liquid hydrogen coolant is 
not available in Hong Kong. Attempts at controlling the temperature of this 
converter using cold H e vapor was not successful. W e therefore designed a 
simpler version of converter as shown m the bottom of Figure v. It was 
composed mainly of a 40 cm long stainless steel tube to house the catalyst. Two 
valves were installed at the top of the converter. A plug valve was used to 
27 
Figure v: Schematic diagram of two designs of ortho/para converter. The bottom 
one was used in our experiment. 
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control the normal H2 flowing into the converter as well as the para-enriched H2 
flowing out to the gas storage vessel. The other one was a relief valve for 
pressure release in case of a sudden pressure build up in the converter. The 
catalyst was activated by heating at 150 to 175 °C for a few hours to remove gas 
molecules absorbed on the surface of the catalyst. In the operation, after 
absorbing normal H2 gas, the converter was isolated and kept in the liquid H e 
can of the cryostat dewar above the liquid H e level, thus it could be cooled by 
the cold H e gas to low temperature required for conversion. Temperature was 
adjusted by changing the separation between the bottom of the converter and 
the liquid H e level. W h e n the para-enriched hydrogen was needed for 
experiment, the converter was lifted as quickly as possible to release the gas to 
the storage vessel. The para-enrichment using this approach is about 99%. 
Since the volume of the converter is limited by the size of the neck-tube of 
our helium Dewar, its capacity is too small to have stable flow of p-H： gas. 
Another problem of the converter is the great temperature gradient along the 
stainless tube. A new helium Dewar has been designed and purchased to 
accommodate ortho/para converter of large volume with smaller temperature 
gradient so that higher para-enrichment can be achieved. 
D. Determination of 0-H2 Concentration 
The infrared spectrum of solid hydrogen varies dramatically with different 
ortho/para ratio. As shown in Figure vi, the rovibrational spectrum in the 4100 
29 



























































































































































































































































-4900 cnvi region is greatly simplified by lowering the ortho concentration. The 
detailed assignment and theory of the spectrum are well document and readily 
found in literature.One of the most interesting phenomena iii the spectrum 
with increasing 0-H2 concentration is that the drastic increase of intensity of 
Qi(0) transition, in addition to the increasing spectral widths. It has been 
pointed out that the Qi(0) transition is strictly forbidden in the absence of 0-H2. 
The intensity of Qi (0) can serve to indicate the 0-H2 concentration. As w e show 
below, one can determine the 0-H2 concentration as well as optical length of the 
matrix sample by quantitatively analyzing of the spectral pattern. 
According to Gush et ah, the dependence of Qi(0) band integrated intensity 
on the ortho H2 and para H2 fractions is given by:^ '' 
(1 //(c"0) jlog,o(/o / I)dd{ciif') : aF； + bFoFp : hF, + - h)F； (ii) 
where / is the thickness of the sample and F。and Fp denote the mole fraction of 
0-H2 and p-H2 respectively, in the sample. The constants n and b, with empirical 
values of 45 c m - and 30 c m -, are related to the transition probabilities. In the 
limit of low 0-H2 concentration, the Qi(0) band intensity is directly proportional 
to the ortho H2 concentration. In other words, Fo can be determined from Eq. 
(ii) if the thickness of the sample is known. To estimate the length of the 
sample, w e used the approach of Tarn and Fajardo/’？ According to the 
Beer-Lambert's law, the integrated absorbance of a transition is proportional to 
the length of optical path. By plotting the integrated absorbance of the 
Qi(0)+So(0) line against the thickness of p-H： samples, they obtained an 
31 
empirical relationship: 
/(cm) = jlog„(/,//V/a(c/;/-')/82(c/;/") (iii) 
Applying these equations to our observed spectra, the typical thickness and 
0-H2 concentration m our para-enriched matrix samples were determined to be 
2 m m and 0.4%, respectively. 
E. Preparation of Matrix-isolated Species 
Samples of matrix isolated species were grown from pre-mixed gas, which 
was prepared and stored in a stainless steel vessel. In a normal run, certain 
amount of species of interest was stored m the vessel prior to the addition of 
para-enriched H2 gas from the converter. In order to have well-separated 
dopant molecules m the para-H2 matrix, the typical dopaiit/para-Hi ratio is 
about to 10-(，. In growing the solid sample, the mixture gas was flowing at a 
rate of 3.6 x 10"^  mol per second to deposit on the cold sapphire surface of the 
sample cell. At this flow rate, the temperature of the substrate was about 5K, 
slightly higher than the liquid H e temperature of 4.2 K. The low growth 
temperature is more desirable since the difference of melting points between 
the dopant and p-Hi molecules is so great that high deposition temperature 
tends to produce large clusters of dopant molecules, resulting in samples with 
low optical transparency. Dopant molecules deposited on the substrate is 
expected to have no further diffusion at this low temperature. Because of the 
excellent thermal conductivity of solid hydrogen, the sapphire window and the 
32 
〇FHC (Oxygen Free High Conductivity) copper, the temperature was 
maintained steadily throughout the deposition process of about 1.5 hour. 
Samples prepared this way were optically clear suggesting little strain iii the 
solid. This was also confirmed by the observed line widths iii the infrared 
spectrum. 
33 
Chapter IV. Spectroscopic studies of CO in 
solid hydrogen 
A. Matrix Isolation Spectroscopy of CO: a brief overview 
While being one of the simple diatomic molecules, C O presents a system of 
academic interests. Because of the back donation of electrons from the oxygen 
atom to form a dative bond, properties of C O cannot be predicated by simple 
bonding theory. For instance, C O has very small dipole moment with the 
negative end located at the C atom. The melting and boiling points of C O are 
much lower than other heteronuclear diatomic molecules. These properties 
make it an excellent system for high-level theoretical studies. Molecules of C O 
in rare gas matrix form one of the simplest systems for matrix isolation 
spectroscopy. Nevertheless, only the system of C O in Ar matrix has been 
extensively studied: Studies of C O in Kr and Xe matrices were only reported a 
few years ago. The very low melting point (68 K) C O compared to rare gas 
matrix materials makes it difficulty to anneal the sample for the removal of 
matrix defects. This difficulty, however, is not present m the case of p-H2 matrix. 
It has been known that crystals of H2 can be grown from flowing gas onto a cold 
surface below ~7K. Nevertheless, spectroscopic studies of C O m p-H: have yet 
to be reported. 
Spectroscopic studies of molecules m p-H： matrix have shown that small 
34 
molecules, such as D2, H D , CHV。']? can have nearly free vibrational and 
rotational motions while large molecules such as CH3F and CO2 only exhibit 
hindered vibrational motion without rotational motion.-'^  This m a y be ascribed 
to the size effect and stronger mtermolecular interactions iii the latter case. In 
the case of C O , its size (r〜1.62 A) is much smaller compared to the 
o 
intermolecular separation of 3.79 A m solid p-H2. It is expected C O occupying a 
lattice site will not introduce server crystal distortion. The small dipole moment 
as well as higher order moments introduces only very weak mtermolecular 
interactions to hinder the vibration and rotation of C O in p-Hi matrix. 
Comparing the infrared spectra of C O in p-Hz to those of the rare gas matrices 
may provide a better understanding of structures, motion, and relaxation of 
molecules trapped m these matrices. 
B. Observation and Preliminary Analysis 
i. CO in Normal H2 Matrix 
The spectrum of C O in normal H2 matrix was carried out as a preliminary 
study. Figure vii shows the spectrum around the fundamental band of C O at 
different concentrations recorded at a resolution of 0.2 cm人 A single peak at 
about 2140.81 cm ' was observed at C O concentration of 0.5 and 5 ppm. 
Comparing the fundamental frequency of C O at 2142.37 c m ' m the gas phase, 
















































































































































































































































































































































of -1.99 cm"' was much smaller than those observed iii rare gas matrices.-"^  This 
is expected from the weak mtermolecular interactions in the system. 
As the C O concentration was increased, the main peak shifted further 
d o w n in frequency. At 50 p p m of C O , a shift of -1.83 cnr^ was observed. The 
greater shift may be ascribed to the stronger interactions at higher C O 
concentrations while a quantitative argument has yet to be established. It can be 
seen from Figure vii that a small shoulder appears at 2141.42 cm】. This 
observation m a y reflect that the concentration of C O is high enough to cause 
significant defects in the crystal or formation of dimers and other clusters. In 
addition, a weak feature at 2151.49 cm 〗 was observed. While the nature of this 
peak is yet to understand, it appeared to grow with increasing C O 
concentration. This observation suggests that it m a y be due to C O molecules. To 
simplify the spectrum for further studies, w e therefore restricted the C O 
concentration to below 20 ppm. 
The absence of rotational structure suggested that strong mtermolecular 
interactions prevent C O from rotating. The reduction of 0-H2 concentration was 
necessary to allow the rotation of C O . 
ii.CO in Hydrogen Matrix of 50/50 Mixture 
By proper mixing the 99% para-enriched H2 gas and normal H2 gas, 50% 
para-enriched H2 was obtained. Figure viii shows a spectrum of 10 p p m of C O 









































































































































































































































was similar to the case of normal H2. A single peak was observed at 2140.75 cm-^ 
with a weak feature at 2151.49 cm'\ suggesting that the reduction 0-H2 was not 
sufficient to allow C O to rotate. O n the other hand, the shoulder peak observed 
in 50 p p m normal H2 matrix was not observed in this case. The absence of 
rotational structure led us to further reduce the 0-H2 content in the matrix. 
iii. CO in Para-enriched Solid Matrix 
The dramatic effect of 0-H2 content on the spectrum was observed by using 
highly para-enriched H2 matrix. Figure ix shows a spectrum of 5 p p m of C O m 
99.4% p-H2 matrix. In contrast to the cases discussed above, four groups of lines 
denoted as A, B, C and D were observed in Figure ix. Each group appeared to 
be composed of features not completely resolved. The most prominent line m 
each group were located at 2137.45 cm-\ 2140.49 cm-\ 2142.83 cm-' and 2145.78 
cm-i respectively, almost with the same spacing of 3 cnr、The observed 
linewidth for these lines were about 0.3 c m ', which appeared to be limited by 
the apodized resolution of our spectrometer. In order to understand the nature 
of the lines, w e studied the spectral pattern at different degree of 
para-enrichment as shown in Figure x. It is seen in trace (d) that the spectral 
pattern for 3.6% ortho was similar to that of normal H2, suggesting rotation of 
C O was quenched. However, as the o-H: content was reduced to 1.4% (trace c), 
the groups of lines appeared. By further reducing the 0-H2 content, it was found 



























































































































































































































































































































































































































































































































































































































































































































relative intensity with an exception of the line m group B, which decreased with 
reducing 0-H2 content. In addition, the line width as well as the transition 
frequencies also remained unchanged. 
These observations led us to tentatively interpret the four prominent lines 
to the rotational structure of C O . It is known that the A / =0 transition is strictly 
forbidden for isolated gaseous C O molecule. In solid H2, however, the presence 
of a neighboring 0-H2 molecule can induce a pure vibrational transition 
together with an orientational change of the 0-H2 molecule through the 
quadmpole induce dipole mechanism. It is the same mechanism responsible for 
the Qi (0) transition of p-H2 molecules in the presence of 0-H2. Similar to the Qi (0) 
line of p-H2, the intensity of A / =0 transition of CO is expected to reduce with 
lower 0-H2 content in the matrix. Based on this argument, the line at 2140.49 
cm'\ which was weaker with reducing 0-H2, was assigned to Q branch of the 
C O . This assignment is also consistent with the assignment of the pure 
vibrational transition at 2140.75 cm"^ in samples with high 0-H2 content. Once 
the position of Q branch was determined, the remaining lines were assigned to 
P(l) at 2137.45 cm-\ R(0) at 2142.83 cm-\ and R(l) at 2145.78 cnr^ respectively. 
The complete assignment was listed m Table II. 
Because of the anisotropic crystal environment, each / transition is expected 
to further split due to M states. The intensities for the M transitions depend on 
the polarization of light source. For polarization parallel to the crystal Z axis, 
only transition with A M =0 is allowed whereas for polarization perpendicular 
42 
Table II: Observed frequencies, and tentative assignments of the fundamental 
bands of CO in solid para H2. 






to the crystal Z axis, only transitions with A M :±1 are allowed. Since there is 
no documented information for the magnitude of the M splitting, it is possible 
that the partially resolved satellite peaks in each group were due to the M 
splitting. The polarization dependence of the peak intensity was therefore 
studied. However, there was no obvious polarization dependence on the 
relative intensity of all the lines as well as the appearance of the overall 
spectrum. This observation leads to two possibilities: (1) the satellite peaks were 
not due to M splitting and (2) the M splitting may not be resolved because of 
the broad observed Imewidth of 0.3 cm、The second point was also consistent 
with the slight irregularity of spacing between the rotational lines. 
In order to investigate the nature of the satellite peaks, the effect of C O 
concentration on the spectrum was studied. As shown in Figure xi, the 
intensities of the satellite peaks increases with increasing C O content suggesting 
they m a y be due to dimers or higher clusters of C O or dimers of C O and 0-H2. 
Considering the low concentration of C O and 0-H2 molecules in the sample, the 
probability of forming dimers from these molecules is very low. As a result, 
these satellite peaks were much weaker than the m a m features. Nevertheless, 
there is no clear evidence in Figure xi to support either case. If these satellite 
peaks are indeed due to dimers or clusters, it will imply that C O in these 
systems decouples its rotation from the dimers. As a result, rotational structure 
similar to that of matrix isolated C O appears as satellite peaks around the 























































































































































































molecules, where the rotation of individual molecules is coupled to give an 
overall rotation. 
The time dependence of the spectrum was also studied. By standing the 
sample at 4.8 K for 48 hours, w e found no observable change of the spectrum 
indicating that either equilibrium of the system was established at the same 
time of matrix formation or the temperature was too low for diffusion of C O 
molecules in the matrix. Because of the high vapor pressure of both C O and H2 
molecules, no attempts were made to anneal the matrix sample at elevated 
temperature. 
C. Discussion 
Our study to date has provided a self consistent, yet qualitative picture to 
account for the main features of the rovibrational spectrum of C O in p-Hi. 
Nevertheless, there are some weaker features yet to be assigned, for instance, 
the nature of the transition at 2152 cm-\ More extensive and systematic work is 
needed for a better understanding of the spectrum. 
The infrared spectrum of C O in p-H2 crystals is more complex than 
expected. The effect of 0-H2 content in the sample greatly changes the 
appearance of the spectral pattern. The quantitative model to account for the 
effect of 0-H2 content on the spectrum is yet to explore. This work no doubt 
provides the experimental information for this pursuit. 
In the present work, the p-Hi matrix used contained 〜O.60/0 of 0-H2. This is 
46 
limited by the present apparatus. It is more desirable to use matrix with 
para-enrichment more than 99.99%. A further simplification of the spectrum is 
expected under this condition. A new ortho/para converter and a new liquid 
helium Dewar have been designed and purchased for the purpose. With this 
new apparatus, the control of ortho/para ratio iii the matrices will be greatly 
improved. 
The typical observed linewidth of 0.3 cm"^ appears to be limited by the 
resolution of our FTIR spectrometer. The absence of polarization dependence on 
the relative intensity suggests that M splitting is buried in the linewidth. It will 
be interesting to investigate the spectrum at a better resolution m order to 
clarify this point. One of the choices is to use high resolution laser spectroscopy 
such as difference frequency laser spectroscopy. Work along this line is 
underway. 
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Chapter V. Concluding Remarks 
This work, while not complete to date, has demonstrated that rotational 
motion of C O is present in para-enriched solid H2 matrices as a result of the 
small size of C O as well as weak mtermolecular interactions. As the content of 
0-H2 is increase, the strong mtermolecular interactions between 0-H2 and C O 
quench its rotation. This leaves C O vibrating at the lattice sites. As shown m the 
spectra, a single vibrational transition is observed once the rotation is quenched. 
The critical concentration of ortho H： for quenching the rotation of C O is about 
97%. Theoretical model to quantitative predict the critical 0-H2 concentration is 
yet to explore. 
Part of our future work should focus on improving the present 
experimental conditions, as discussed in the previous chapters. With these 
improvements, it is hoped to provide better experimental data, which in turn 
leads to a general understanding of the physical picture of motions of molecules 
embedded in p-Hi matrix. 
Spectroscopy of solid hydrogen has provided a load of possibilities. Many 
experiments related to this work can be pursued using the apparatus built in 
the past few years. Some interesting subjects include the relaxation process of 
molecules in p-H2, diffusion of molecules in p-H2 matrix, and the effect dopant 
molecules on the spectrum of H2 itself. The relaxation process is related to the 
observed line width, for which a general theory has yet to be developed. The 
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diffusion of molecules in p-H2 is related to the formation of clusters of dopants 
in p-H2 sample. The effect of dopant molecules on the spectra of H2 provides 
information in understanding the intermolecular potential. A variety of 
techniques can be applied for these studies including Raman spectroscopy, 
time-resolve spectroscopy, double resonance, electric-field induced infrared 
spectroscopy, etc. In addition, study of reaction dynamics in p-H2 matrix has 
been pursed by a number of groups. Interesting results have also been reported. 
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